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AhYtracl---This paper discusses the electrical properties of the complementary
hctcrojunction field-effect transistor (Cl JFET) at 4 K, including the gate leakage current, the
subthrcshold  transconductance,  and the input-referred noise voltage. The C}IFET is a GaAs-
bascd transistor analogous in structure and operation to silicon CMOS, and is being explored for
possible application in readout electronics operating at 2-4 K. It is shown that C} lliliT is fully
functional at 4 K, with no anomalous behavior, and that the drain current shows the expected
dcpcndencc on device size and gate voltage. l’hc input-rcfcrrcd  noise is on the order of
1 pV/ti 1; at 100} Iz. The gate current is strongly dcpcndcnt on the doping at
is on the order of 10-14 amps for a 10x] O pnlz device with the lightest
multiplexed op-amp  is presented, along with its transfer characteristics at 4 K.

1. IN~RODUCTION

the gate edge, and
doping  A sitnplc

‘1’hc availability of detector array readout electronics that can operate at and below 10 K
would greatly simplify the design of low temperature focal planes for space telescope applications.
Otherwise, the designer is forced to isolate the electronics in a warmer compartment and rlln a
wire for each detector in the array from the focal plane cold head to the warmer electronics
compartment. ‘1’hcsc wires arc susceptible to noise pickup and carry heat to the coldhead.  In
detector arrays used in space missions, the dctectcd signals tend to be small, and there are severe
constraints on the power or stored cryogen available for refrigeration, so the problems of noise
pickup and heat conduction are particularly acute. Conversely, the availability of an analog
amplifier and multiplexer that could bc placed on the cold head in direct contact with the detector
array could greatly increase the sensitivity and mission lifetime of space-based missions using
detector arrays. For this reason, NASA has actively been exploring readout electronics functional
below 10 K,

The major technical challcngc  involved in building very low temperature electronics is due
to the phenomenon of carrier “fiecz,e-out,” in which carriers in a semiconductor lack the thermal
energy to escape the donors and acceptors and are rc-trapped. This can result in the failure of any
. . . . . .

T.J. Cunningham, R.C. Gee, and IL}{. l~ossum arc with the Center for Space Microclcctronics
Technology, Jet Propulsion Laboratory, California lnstitut  e of ‘1’ethnology, 4800 Oak Grove
l)rivc, l’asadcna,  CA 91109,

S.M, IIaier is with 1 loncywell  Systems and Rescach  Center, 10701 1.yndalc Avc, IIloomington,
MN 55420.

1



device made of that semiconductor. ]n addition, the trapping and de-trapping can occur randomly,
causing the carrier concentration to fluctuate with time, which results in I/f noise and operational
anomalies such as kinks or hyst cresis. Alt bough silicon complementary n~ctal-oxidc-
scmiconductor (CMOS) tcchno]ogy  is a logical choice for low power analog circuils,  silicon is
particularly susceptible to ficcxc-out, which makes it poorly suited for low tcmpcraturc
applications. Ordinary CMOS shows cxccssivc noise, hysteresis, and kinks below 20 K.
IIcvclopmcnt of CMOS optimized for operation below 10 K is underway [1], but has yet to
demonstrate fldly satisfactory results, especially for low power analog applications, IIy contrast,
GaAs is far more resistant to frccz,c-out  etTccts,  making GaAs-based transistors an attractive
alternative to silicon for low tcmpcraturc  applications. Several groups  have begun to cxp]orc
GaAs-basccl transistors for low tcmpcraturc readout electronics applications [2-9]. l~or example,
R, Kirschman ct. al., have studied commercial and foundry GaAs junction field-effect transistors
(JITWS) and metal-Schottky field-effect transistors (M1H3FETs)  at 4 K [2-4]. Camin,  ct. al., have
tested GaAs-based MESFETS for usc in partic]c detectors below 4 K [5]. Also, Kozlowski  ct. al.,
have designed GaAs-based circuits for low temperature readouts [6].

JP1. has been studying GaAs-based electronics for readout electronics applications in the
2-4 K tcmpcraturc  range. ‘l%is has included an investigation of the low-temperature properties of
a type of CMOS-like GaAs-based  transistor called the complementary hetcrojunction  field-eflcct
transistor (011; 131’). Although the C}IIWT was developed by 1 loncywell  for high-speed, room-
tcmpcrature  digital applications [10], it has several features that indicate that it might bc suitable
for very-low temperature operation. The properties of the Cl WEI’ including the current-vohagc
characteristics, gate leakage current, and noise voltage have been examined at 4 K, and alc
presented

A
substrate,

in the following sections.

11. Tllll STRUCT[JRE  OF 2’111{ CIIIJJH’

cross-section of the Cl IFF.3’ is shown in };ig.  1. Starting on a semi-insulating GaAs
molecular beam cpitaxy (MB13) is used to grow a GaAs buffer layer, an lnGaAs

chamcl,  a high aluminum mole-fraction AIGaAs dielectric layer, and a thin passivating  GaAs cap
layer. As grown, all of the layers arc undopcd,  except for the channel, which is deha-doped to
make the turn on voltages of the n-channel and p-channel dcviccs  more symmetric. A well implant
can bc made at this point: p-type for n-channel dcviccs and n-type for p-channel dcviccs. The WSi
gate is then deposited. An implant is then made to dope the region near the gate edge, using the
gate to make it se]f-aligned. Sidewall sj>acers are then deposited on the gate edge, and the sow-cc
and drain implants are done, sc]f-aligned to the sidewall spacers. ‘l’his  two-step implant allows the
doping concentration in the sidewall region adjacent to the gate edge to bc controlled
indcj)cndcntly  of the source and drain doping concentration. The device is complctcd  by adding
ohmic contacts for the source and drain, and by doing an insulating isolation implant bctwccn
dcviccs.



~ihc Cl IIil 1’1’ operates in cnhanccmcnt  mode in a manner completely analogous to that of
silicon CMOS, with the AIGaAs layer playing the role of the oxide. A gate voltage draws
electrons or holes into the channel where they are confined vertically by the AKiaAs dielectric.
~’hc carriers move laterally, and arc collcctcd  by the drain, 3%c gate voltage modulates the
channel charge density above threshold, and the c,hanncl potential below threshold.

The features of the Cl IFET that make it attractive for low temperature applications arc that
it is a GaAs-based design, and so is ICSS susceptible to freeze-out, and that it provides
complementary transistors that simplify the design of low power circuitry. This is important, since
any heat dissipation is an extra load on the refrigeration, so the power dissipation requirement is
highly constrained. 1 lowcver,  there arc two areas of concern that must be addressed to dctcrminc
whether the Cl II;ET will bc suitable for low temperature readout applications. The first is the gate
Icakagc  current, which is expected to be considerably larger than that in CMOS because the,
potential barrier formed by the AIGaAs is much smaller than that for Si02. The second area of
concern is the noise, which limits the sensitivity of detection.

in princiJ~le  the Cl 3PEJ’ structure can bc fabricated such that every part is undoj~cd  except
the source and drain which are degenerately doped. I’his makes it completely immune to frccze-
out, and also makes the chanilcl  tlec of scattering centers, which should result in low noise at low
temperatures. The dcviccs  which have been tested to date, however, were fabricated as part of
larger lots which were optimized for high-speed, room-temperature, digital applications. Bccauw
the devices were not optimized in any way for low tcmpcraturc  operation, the noise at low
temperatures may be artificially high, Nevcrthclcss,  this study has provided an indication of the
fcasibilit  y of the Cl llTiT for low temperature analog applications.

Two lots of CHFETS  were fabricated. Each lot consisted of a series of chips, each
containing a number of diflerent  sized n-channel and p-channel devices. The diJTerent chips
explored process variations including the thickness of the AlGaAs dielectric, the presence or
absence of a well implant and the prescncc  of a buffer fabricated by low temperature MJH1
growth, with different thicknesses of spacers bet wccn the buffer tmd the channel. The devices in
the second lot also included the use of gate sidewall spacers, and various spacer thicknesses and
sidewall doping concentrations were explored.

111. TJJE CURRIIN’I’-VO1.I’AGI3  CJIARACI’I;I{IS’I’JCS  OF TJ3E CHFJ3T

3

71~c transistor curves at 4 K for a typical n-channc] and a p-channel device are shown in
F’ig. 2. The data was measured using a }IP4 14S13 semiconductor parameter analyzer. The CHIWT
oJ>cratcs  normally at 4 K without any anomalies, and the devices exhibit the expcctcd  dependence
on gate voltage and dcvicc size. The subthrcshold  drain current vs. gate voltage is shown in
Fig. 3. As cxpcctcd, the current in the subthreshold  region varies exponentially with gate voJtagc.

]d ‘“ 10 exp( Vf#Va) (1)



where Id is the drain current, Vgs is the gate-source voltage, and Va is a constant which wc will
refer to as the exponent voltage. The constant Va depends on the temperature and on the ratio of
the change in channel potential to the change in gate-source voltage. Since the only doping  in
dcviccs without a WCII inlJiant  is the small channct delta doping, the channel potential should
follow the gate-source voltage in nearly a

where ‘I’ is the absolute temperature, and

I:] ratio. ~’his would imply that

Va = )lkq’lq (2)

t) is a constant close to 1. The exponent voltage Va vs.
‘1’ is plotted in l’ig. 4 for a 10x 10 pn12 clcvicc  without a well implant bctwccn  4 K and 260 K.
Near room temperature Va is a small factor larger than kT/q, while at low temperatures it
chwiates from this. The reason for the deviation is not known, At 4 K, Va is approximately 17
times kT/q, which gives a corresponding sub-threshold normalized transconductancc  of
0.17 nlS/nm~ for this 10x 10 pn12 CHFET at 4 K and 10 nA drain bias current.

IV. T}IE GATE 1.I~AKAGE  CURRENT

The gate current of the first lot of CI lFEI’s was examined in previous studies and has been
shown to be duc to a combination of field-emission, thermionic-field-emission,  @-n~ionic-
cmission,  and ohmic conduction, each of which is dominant for different values of the temperature
and gate voltage [11, 12]. Below 10 K, the current for both positive and negative gate voltages is
dominated by field emission. For reverse gate voltages (negative for n-channel CIIIViTS),  the
current is described well by the F’owlcr-Nordhcinl  equation, while for forward gate voltages it is
not. I)eviccs of different gate lengths and widths were examined to determine whether the current
was uniform over the gate area, or was concentrated at the gate edges. Any size dependence,
however, was overwhelmed by a large device-to-device variation, ‘J%e gate current-gate voltage
curves tended to cluster when plotted on a semilog  scale, and at any given voltage the current of
about 80°/0 of the devices was within an order of magnitude. About 20°/0 of the device were
outiiers, with mL]ch higher currents, sometimes over five orders of magnitude more. Jt was
concluded that the current might be dominated by tunneling through asperities at the gate edges,
making the current lCVCI  process dependent and somewhat random.

Measurements on the second lot of devices with the gate sidewall spacer provided new
information [13, 14]. The data was measured with the source and drain grounded using an
1 IP4 14511 semiconductor parameter analyzer, and is plotted for several typical devices in Fig. 5.
The flat region at approximately 10-12 amps exhibited by some of the curves is due to the
resolution limit of the 1+1)414511.

The gate current is strongly dcpcndcnt on both the sidewall spacer width and on the sidewall
region doping level. The three solid curves represent devices with moderate sidewall doping and
for spacer widths of 1000, 2000, and 3000 ~, The current decreases monotonically with
increasing spacer width. “l’he dotted lines represent devices with a 3000 ~ spacer, and with light,
moderate, and heavy doping in the sidewall region, Again, the current increases strongly and



monotonically with increasing doping conccnt  ration, ‘1’hc sample with the 1000 ~ spacer  and the
sample with the heavy side wall region doping exhibit reverse gate current that is orders of
magnitude larger that the other devices. In addition, the spread of the current is larger for these
sets of devices, with many more out]icrs,  so that the set of devices with heavy sidewall region
doping and the set with the thin sidewall spacer do not exhibit any systematic size dependence,
similar to the behavior of the first lot of devices, which did not include sidewall spacers.

The current for the devices with the widest sidewall spacer and light sidewall region doping,
on the other hand, shows a regular size dependence. Both the forward and reverse currents scale
linearly with width. This is shown in l’ig.  6 which plots the current at –1 O V and -11.5 for 1 pn-
long devices as a function of width. The reverse current does not show any systematic length
dependence, while the forward current increases sub-linearly with increasing length. Since the
channel is depleted for reverse voltages, the reverse current is expected to be dominated by
tunneling at the gate edge, and should be independent ofthc  length. For forward voltages, there is
a sheet of inversion charge which can tunnel out over the entire area of the device, so it is possible
that this current might scale linearly with the area. ‘l’he fact that the actual dependence is sub-
lincar suggests that while this current is present, there is a component due to tunneling at the gate
edge as well,

The drain current and the forward gate current for the device with the widest sidewall
spacer and the light sidewall region doping are compared in Fig 7. TIc data represented by the
solid lines were recorded with the HP4 14511 parameter analyzer, and is accurate to 10-12 amps. A
Kcithley  617 electrometer was used in the integrating mode to measure the gate current down to
about 10-14 amps, and this data is plotted in Fig 7 as discrete circles. It can be seen from the
subthresho]d  drain current data that it requires a gate voltage about 0.85 V to bias the device at
about 10 nA, which is a reasonable value of bias current to use in low-power readout circuit
applications. At this gate voltage the gate leakage current is on the order of 10-14 amps.

V, THE NOISR VOI.’I’AGE

~’he input-referred noise voltage was measured using a feedback circuit that directly
provided the input-referred noise voltage. I’hc noise voltage for three diflerent  size n-channel
C}lFITS is shown in Fig 8. The voltage noise of the largest device without the well implant is
approximately 1 pV/&; at 100 I Jz. The noise decreases with increasing device size, an effect
that has been observed in most t ypcs of transistors. The noise voltage for 50x50 pn~2 Cl lFF,Ts
with and without a well implant is shown in Fig. 9. The noise is increased by about an order of
magnitude by the addition of the well implant. This is expected, since additional dopants tend to
increase the trapping and scattering of carriers. The noise was also measured as a fhnction  of the
temperature, drain bias current, and source-drain voltage. None of these had a very significant
ctlcct.  The concentration of the channel delta-doping, the sidewall region doping, and the sidewall
spacer thickness, likewise, did not have a significant effect on the noise.
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Thc p-channe]  Cl lFEI’s operate in an similar manner as the n-channel devices, but almost
always with rcduccd  performance. ‘1’he gate leakage current is slightly higher for the p-channel
dcviccs, and the transconductance is slightly ICSS, but the dcviccs were in these respects quite
comparable. On the other hancl, the noise in the p-channel devices was several orders of
magnitude higher. This is in contrast to silicon CMOS, in which p-channel devices normally h~vc
significantly lower noise than n-channel transistors. The discrepancy in the noise could be caused
by the fact that the electron efkctive mass in GaAs is much smaller that for holes. This could
imply that the holes in the p-doped channel arc freezing out.

Several different simple 8x1 multiplexer circuits were also fabricated and tested at 4 K. In
each of these a voltage could be stored on eight capacitors that simulated a small linear array of
detectors. Addressable readout electronics were connected to each capacitor and to common
output circuitry which included a source follower output driver.

When tested, most of these circuits did not operate properly at 4 K. The p-channel devices
used in these circuits appeared to be very leaky and even when they were turned off completely
there was still significant conduction between the gate, source, and drain. This behavior is not
understood, since the discrete p-channel Cl IF13Ts made from the same chips did not exhibit
excessive leakage current. Since p-channel Cl lbMTS  were used in most of the circuits both to
enable the capacitor reset and to enable the individual cells, it was consequently impossible to
isolate the capacitor from the reset voltage and reset enable signal, or to de-select individual cells,
which meant that these circuits did not function as multiplexer.

One circuit, however, used n-channel Cl lFETs to do the cell select, and it function as a
multiplexer, although with limited performance. This circuit is called the switched op-amp
multiplexer. Each cell consists of a n-channel differential pair, the sources of which are connected
to an addressable n-channel C}lfW’  current source. I’he drain of the inverting transistor from
each pair is connected to a comtnon p-channel active load. The output voltage is taken from this
node and buffered through an n-channel source follower connected to an n-channel CHWl’
current source load. The ccl] is selected by sending a bias voltage to the addressable n-channel
Cl IIWI’. Although the failure of the p-channel C} IFETs still made it impossible to turn off the
capacitor reset voltage completely, and probably reduced the impedance of the inverter load, it
was possible to see both inverting and non-inverting action in the device. A circuit schematic for
the switched op-amp multiplexer is shown in Fig. 10. Thc inverting transfer characteristics for
each cell measured at 4 K arc shown in Fig. 11. 3’hc voltage gain at 4 K is approxitnatcly  250.
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V]]]. SUMMARY

l’hc Cl lFIll” has been shown to bc completely functional at
hysteresis. It has a clean subthreshoki  current-voltage characteristic
complementary devices. The gate leakage is strongly dependent on

4 K, with no anomalies or
and allows the capability of
the doping concentration in

the region adjacent to the gate, and a Cl ll~llT using a sidewall spacer and light sidewall region
doping had a gate leakage current of approximately 10-14 amps for gate voltages that biased the
device in the subthreshold  region, The noise voltage is on the order of 1 ItV/(1  lZ at 1001 IZ for
large n-channel Cl It~ETs  and 100 pV/~1~7  for p-channel Cl l}~IITs.  It increases as the dcvicc  size
is reduced, or with the addition of a well implant. A multiplexed op-amp using Cl IFETs was
designed, and was functional at 4 K,

The capability of complementary logic and anomaly-fice  performance at 4 K make the
Cl IITW attractive for low-power, low temperature circuitry. While the existing (unoptimizcd)
dcviccs  may be adequate for some applications, fllrther technology development is desirable to
rcducc  the gate leakage and noise, making the devices more widely applicable,
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FIGUIUS

Fig, 1: A cross-section of the complementary hclcrojunct  ion field  cfl’cct  transistor (CIIJiIiT).

Fig, 2: ‘1’he transistor curves for an n-channel and p-channel Cl IFW]’.

F’ig. 3: The subthreshold  current for various size n-channel Cl IIUY1’S. The CLlrf’C?lt  was measured
wit h an 11P414 511 semiconductor parameter analyzer which has a scnsit ivit  y of approximate cly
10-12 amps.

l’ig. 4: The exponential voltage Va (from the sub-thresho!d  current relation 1 ‘: Ioexp(VG#Va)  )
as a Il!nction  of temperature plotted as circles for a 10X] O pn12 n-c}~anne] Cl IIJIIT. For
comparison, the relation V == k’J’/q  is plotted as a solid line.

l~ig. 5: I’he gate  current vs. gate voltage for devices with ditierent  gate sidewall widths and
diflerent doping concentrations in the sidewall region adjacent to the gate.

l~ig 6: ‘1’hc dependence of the gate current at VGS =- -10 V and + 1.3 V vs. width for 1 pm-long n-
channc] Cl IFETs with a 3000 ~ gate sidewall space and light sidewall region doping.

Fig. 7: Comparison of the drain curl cnt and the gate current in a CHFIW with a lightly doped
sidewall region and no well implant. The solid lines were measured with an HF’4 14513
semiconductor parameter analyzer, which has a sensitivity of approximately 10-12 amps. The
circles arc points taken with a Kcit hley 617 elect romcter in the integrating (coulomb) mode.

Fig 8: A comparison of the input-referred noise voltage for different size CHFE’I’S.  F’or some
reason, some of the devices showed a peak in the noise at approximately 501 IZ. Some sor[ of
pickup is suspected, but its origin has not yet been found and is still under investigation,

Fig 9. A comparison of the input-referred noise voltage for 50x50 }UN2 n-channel CHI;ETS with
and without a well implant.

,l~ig. 10: The circuit schematic for a CIIFET 8x1 switched op-amp multiplexer

Fig. 11: The inverting transfer characteristics at 4 K for each cell of the 8x 1 switched op-amp
multiplexer.
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Gate Current (Abs. value in Amps)
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